The adult mammalian heart has immense energy demands in order to support its role as a constantly active pump. Indeed, the human heart generates and utilizes kilogram quantities of ATP each day. The vast majority of ATP produced in the cardiac myocyte is generated via oxidative phosphorylation (OXPHOS) within a very-high-capacity mitochondrial system. The heart must continually adapt to changing physiologic conditions that influence workload, as well as alterations in oxygen and energy substrate availability. Notably, given that the heart has a limited capacity for fuel storage, it must utilize several energy substrates in an efficient and dynamic manner. As will be described, members of the nuclear receptor transcription factor superfamily serve to dynamically control preference and capacity for cardiac mitochondrial fuel metabolism during development and in response to myriad physiologic conditions. In addition, alterations in nuclear receptor signaling occur with pathologic cardiac growth and remodeling en route to heart failure.
Brief overview of cardiac fuel and energy metabolism
The adult mammalian heart has immense energy demands in order to support its role as a constantly active pump. Indeed, the human heart generates and utilizes kilogram quantities of ATP each day. The vast majority of ATP produced in the cardiac myocyte is generated via oxidative phosphorylation (OXPHOS) within a very-high-capacity mitochondrial system. The heart must continually adapt to changing physiologic conditions that influence workload, as well as alterations in oxygen and energy substrate availability. Notably, given that the heart has a limited capacity for fuel storage, it must utilize several energy substrates in an efficient and dynamic manner. As will be described, members of the nuclear receptor transcription factor superfamily serve to dynamically control preference and capacity for cardiac mitochondrial fuel metabolism during development and in response to myriad physiologic conditions. In addition, alterations in nuclear receptor signaling occur with pathologic cardiac growth and remodeling en route to heart failure.
The adult cardiac myocyte has a higher density of mitochondria than any other cell type (1) . The biogenesis of this highcapacity mitochondrial system occurs largely during the perinatal stage of development. This process involves a major burst of mitochondrial biogenesis at birth, followed by a period of mitochondrial maturation and remodeling during the postnatal period (2) . Recent evidence indicates that postnatal mitochondrial maturation involves highly coordinated events including mitophagy, biogenesis, and dynamics (fusion and fission), resulting in a mitochondria network that is densely packed between sarcomeres to directly supply ATP to support cardiac contraction (2) . The adult cardiac mitochondria are equipped with enzymatic machinery capable of oxidizing multiple substrates including fatty acids (the chief fuel) as well as glucose (pyruvate) and ketone bodies. This mitochondrial developmental maturation process occurs in parallel with well-characterized changes in the expression of contractile apparatus isoforms, ion channels, and calcium handling proteins. The collective perinatal programming in energy metabolic and structural genes results in an efficient and enduring pump for the adult life of the organism.
The postnatal heart has an amazing capacity to oxidize multiple fuels and, therefore, is "omnivorous." Pioneering work by multiple groups has defined dynamic shifts in fuel utilization capacity and preferences during development and in disease states. The fetal and immediate postnatal heart relies primarily on glucose (glycolysis) and lactate as energy sources (3) (4) (5) . However, very soon after birth the heart shifts to fatty acids as the major fuel substrate, coincident with the mitochondrial biogenic response (Figure 1 and refs. [5] [6] [7] [8] . The level of glucose oxidation also increases (8). The postnatal heart is also capable of oxidizing ketones, albeit at a low level, concomitant with the postnatal rise in circulating ketones (5) . The shifts in fuel preference after birth are thought to be driven in part by delivery, which in turn is dependent on hormonal cues and circulating substrate levels such as the rise in circulating fatty acids triggered by the ingestion of milk. However, the capacity for myocardial fatty acid utilization is also driven by gene regulatory events including a major postnatal induction in the expression of genes encoding cellular and mitochondrial fatty acid transporters, as well as mitochondrial fatty acid oxidation (FAO) enzymes (9). In addition, induction of TCA cycle and OXPHOS machinery is necessary to convert the acetyl-CoA product of FAO into ATP. As discussed in the next section, the increase in mitochondrial FAO and oxidative metabolic capacity is orchestrated by a complex transcriptional regulatory circuit involving nuclear receptors that is responsive to physiologic and developmental cues and fuel substrate availability.
The adult heart is uniquely designed and equipped to provide a continuous supply of energy in the form of ATP to support persistent contractile function. This high-capacity energy transduction system is the result of a remarkable surge in mitochondrial biogenesis and maturation during the fetal-to-adult transition in cardiac development. Substantial evidence indicates that nuclear receptor signaling is integral to dynamic changes in the cardiac mitochondrial phenotype in response to developmental cues, in response to diverse postnatal physiologic conditions, and in disease states such as heart failure. A subset of cardiac-enriched nuclear receptors serve to match mitochondrial fuel preferences and capacity for ATP production with changing energy demands of the heart. In this Review, we describe the role of specific nuclear receptors and their coregulators in the dynamic control of mitochondrial biogenesis and energy metabolism in the normal and diseased heart. long-chain unsaturated fatty acids (24) (25) (26) (27) (28) (29) . Whereas the specific endogenous ligands for PPARs have not been fully characterized, investigations focused on the liver suggest that phosphatidylcholine, derived from de novo lipid synthesis, serves as an endogenous ligand in liver (29) . It is likely there are other endogenous ligands, given that phosphatidylcholine binds weakly to PPARδ and does not bind PPARγ (29) . In the heart, the endogenous PPAR ligands have not been well defined. However, it has been shown that cardiac myocyte triglyceride storage reservoirs are a main source of PPARα ligands; the Zechner group demonstrated that lipids released from triglycerides by the adipose triglyceride lipase are necessary for full activation of PPARα (30) . In addition, NMRbased studies in mice have shown that PPARα-driven turnover of myocardial triglyceride provides the bulk of substrate for mitochondrial FAO (31) . In this way, PPARα directly senses increased fatty acid delivery, directs storage, and regulates mitochondrial FAO capacity in the adult cardiac myocyte, in order to maintain sufficient ATP generation in accordance with diverse nutritional and physiologic states.
Regulation of cardiac PPAR activity by non-ligand mechanisms. More recently, mechanisms in addition to direct ligand activation have been shown to modulate PPARα activity in the heart. For instance, sirtuin 1 (Sirt1) has been shown to directly dimerize with PPARα, resulting in displacement of RXR and reduced fatty acid utilization (32) . In addition, Krüppel-like factor 15 (KLF15) interacts directly with PPARα to cooperatively activate FAO gene expression (33) . Loss of KLF15 results in reduced cardiac FAO rates and markedly reduced mitochondrial FAO gene expression (34) . Another KLF member, KLF5, has been shown to directly regulate PPARα expression in the heart through binding of the PPARα promoter (35) . Loss of KLF5 in the heart results in lower PPARα and target gene expression as well as reduced FAO rates. In addition, recent evidence suggests that hypoxia-regulated transcription factors regulate PPARα. The aryl hydrocarbon nuclear translocator (ARNT; also known as HIF1β) is a basic helix-loop-helix transcription factor that heterodimerizes with HIF1α and HIF2α to regulate genes critical for adaptation to oxygen deprivation. Cardiac-specific deletion of Arnt in mice leads to cardiomyopathy with cardiac steatosis (36) . This is associated with increased PPARα expression Dynamic control of myocardial fuel selection by nuclear receptor signaling PPARs match lipid substrate delivery to oxidative capacity. The dramatic increase in the newborn heart's capacity for mitochondrial FAO relies on the ingestion of milk and suggests the existence of a cellular receptor that senses supply and delivery of fatty acid substrate. This provides the heart with the ability to integrate increased substrate delivery with high oxidative capacity. A key breakthrough in establishing this concept was the discovery of the PPARs, members of the nuclear receptor superfamily. PPARα was originally discovered as a transcriptional regulator of peroxisomal biogenesis and FAO in response to a class of rodent hepatocarcinogens (10). PPARα and the two other members of this family, PPARδ (also known as PPARβ) and PPARγ, bind as heterodimers to cognate DNA response elements with the retinoid X receptor (RXR). All three receptors are expressed in the heart, with PPARα and PPARδ expressed at higher levels than PPARγ. Although originally described as a regulator of peroxisomal FAO, PPARα was subsequently shown to regulate expression of many genes involved in mitochondrial β-oxidation as well as the fatty acid import machinery (11-15). It is now known that PPARα gene targets cover all aspects of cellular fatty acid utilization including cellular uptake, storage, and oxidation (16). Genetic loss-of-function studies support these observations. Mice lacking PPARα have lower cardiac FAO rates and are sensitized to metabolic stress (17-19). Loss of PPARδ results in lower FAO rates and cardiac hypertrophy (20) . However, there are important differences between PPARα and PPARδ. Cardiac-specific overexpression of PPARα results in high FAO rates and increased triglyceride accumulation (21, 22 ). In contrast, cardiac-specific PPARδ transgenes exhibit increased FAO and glucose oxidation rates, without an expansion of myocyteneutral lipid stores (22) . Collectively, these results demonstrate that PPARα and PPARδ have overlapping yet distinct gene targets.
PPARs are ligand-activated nuclear receptors with large hydrophobic ligand-binding domains (LBDs). Ligand/receptor binding results in the recruitment of coactivator molecules and stimulation of chromatin remodeling and transcriptional activation (23) . The PPAR LBD has been shown to bind a wide range of fatty acids and fatty acid derivatives, with a preference for Figure 1 . Developmental changes in myocardial fuel substrate preference are linked to mitochondrial biogenesis and maturation. The fetal heart relies primarily on glucose (glycolysis) and lactate as preferred fuel substrates. In the postnatal period FAO becomes the primary energy-producing process. This is preceded by a burst of mitochondrial biogenesis and mitophagy, events that are required to build an adult mitochondria network with high oxidative and ATP synthetic capacity. Loss-of-function studies in mice have highlighted the importance of ERR signaling in the mammalian heart. Esrra-knockout mice are viable and fertile but display reduced cardiac phosphocreatine (PCr) stores, ATP synthesis capacity, and reduced contractile function following pressure overload (50) . ERRγ is also necessary for normal cardiac function, as genetic deletion results in perinatal lethality with a failure to transition to oxidative metabolism in heart (51). Finally, postnatal and cardiac-specific deletion of Esrrg on an Esrra-null background results in a lethal cardiomyopathy characterized by abnormalities in mitochondrial structure and function and reduced energy production capacity (52) . These results underscore the central role of ERRs in the broad control of cardiac mitochondrial function and also highlight the functional overlap and redundancy of ERRα and -γ in the mammalian heart. Esrrb knockout mice die at embryonic day 10.5 due to severe placental defects (53) . The role of ERRβ in adult heart has not been fully evaluated. Inducible cardiac-specific loss-of-function models will aid in determining a role for ERRβ in the heart.
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Interestingly, in addition to classic mitochondrial metabolic targets, ERRs also bind directly to response elements within the regulatory regions of the promoters of contractile, structural and calcium-handling genes (48) . Overexpression studies show that ERRα and -γ can activate the expression of a number of contractile and calcium-handling genes in cardiac myocytes, including Myh6 (αMHC) and Atp2a2 (SERCA2A) (47, 48) . A similar mechanism is operative in skeletal muscle where an ERRγ miRNA circuit works to directly regulate Myh7 (βMHC/MHC-I) and the slow, type I fiber program (54) . Finally, ERRγ has been shown to improve the efficiency of reprogramming fibroblasts into cardiac myocytes (55) . Taken together, these results indicate that ERR signaling coordinately regulates energy metabolic and structural programs in striated muscle and may be critical in matching ATP production with contractile function.
Integration of upstream stimuli with the nuclear receptor-mediated control of mitochondrial biogenesis and dynamics: the PPARγ coactivator-1 coactivators.
A complex array of extracellular and developmental stimuli must be received and transmitted to coordinate mitochondrial biogenesis and function during heart development and in various physiologic contexts. A key to our understanding of how the myocyte transduces these inputs came with the discovery of PPARγ coactivator-1α (PGC-1α, encoded by Ppargc1a). PGC-1α was originally discovered as a cold-inducible transcriptional coactivator of PPARγ in brown adipose tissue (56) . PGC-1α is a member of a family of transcriptional coregulators that include PGC-1β and the more distant PGC-1-related coactivator (57) (58) (59) . PGC-1α interacts with and coactivates a variety of nuclear receptors, including PPARs and ERRs, via distinct LXXLL motifs. Interestingly, PGC-1α expression is rapidly induced by a number of stimuli, such as cold exposure, β-adrenergic stimulation, and exercise ( Figure 2 and refs. [60] [61] [62] . The effects on PGC-1α from these physiologic stimuli are transduced by numerous intracellular signaling pathways and effectors including AMPK, calmodulin-dependent kinase, calcineurin, and Sirt1 (Figure 2 and ref. 9 ). PGC-1α expression is also regulated during development and is induced following birth, indicating that this coregulator plays a central role in the postnatal mitochondrial biogenic response (63) . The highly inducible nature of PGC-1α expression provides a layer of regulaand activation of PPARα gene targets. An ARNT/HIF2α heterodimer directly regulates Ppara expression through binding to its promoter (36) . Interestingly, HIF1α has also been shown to activate PPARγ during cardiac hypertrophy and promote lipid accumulation (37) . These results underscore the complex regulatory network that exists to regulate PPAR signaling through a variety of physiologic inputs such as NAD + and oxygen availability.
Control of cardiac fuel metabolism by other nuclear receptors.
Additional nuclear receptors also likely play an important role in cardiac fuel metabolism. Nuclear receptor 4 subfamily A member 1 (NR4A1), NR4A2, and NR4A3 constitute a family of orphan (ligand unknown) nuclear receptors (38) . NR4A1 (also termed Nur77 or NGFIB) regulates glucose metabolism genes in skeletal muscle and other tissues (39, 40) . Overexpression of NR4A1 in murine muscle results in increased mitochondrial content and activity (41) . Notably, NR4A1 expression is acutely and dramatically induced by β-adrenergic signaling in the heart (42). Interestingly, NR4A1 inhibits isoproterenol-mediated cardiac hypertrophy (42) . Given these results, it is possible that cardiac NR4A1 is activated in the heart under stress conditions such as adrenergic stimulation to regulate metabolism as a stress response. However, other studies have demonstrated that NR4A1 exits the nucleus and translocates to the mitochondria to facilitate cytochrome C release and stimulate apoptosis (43) . In support of this model, loss of NR4A1 protects the heart from angiotensin II-induced cardiac hypertrophy (44) . Studies to delineate the precise role of NR4A1 signaling in the regulation of cardiac energy metabolism are ongoing.
Control of cardiac mitochondrial biogenesis and dynamics: The estrogen-related receptor/PPARγ coactivator-1 transcriptional regulatory circuit
The estrogen-related receptor coordinately regulates mitochondrial fuel metabolism and respiratory capacity. In addition to regulating fuel substrate preferences in the adult heart, nuclear receptors serve a key role in the development and remodeling of the cardiac mitochondrial system. As noted above, a burst of mitochondrial biogenesis occurs in heart immediately following birth, including a remarkable increase in the size and number of mitochondria. The estrogen-related receptors (ERRs) serve as critical regulators of this mitochondrial biogenic response. The ERR nuclear receptor family consists of 3 members, ERRα, -β, and -γ encoded by the Esrra, Esrrb, and Esrrg genes, respectively. Although the ERR LBD bears similarity to the estrogen receptor, the ERRs do not bind estrogen and are considered orphan nuclear receptors, as they have no known ligand. ERRα was originally identified as a regulator of mitochondrial FAO enzymes (45, 46) . It has now been shown that ERRs regulate target genes in virtually all aspects of mitochondrial energy production, including FAO, OXPHOS, and the electron transport chain (ETC) (47) . In the cardiac myocyte, ERRα and ERRγ bind directly to response elements in the gene promoters of nuclear-encoded mitochondrial proteins (48) . ERRα also directly activates PPARα expression, providing a feed-forward mechanism to promote fatty acid and oxidative metabolism (47) . Interestingly, the transcription factor KLF4 has recently been shown to bind in close proximity to ERR binding sites, including on the Ppara promoter (49) . KLF4 synergizes with ERRα to activate target genes and is necessary for normal mitochondrial biogenesis and function in the heart (49). (71, 75) . Surprisingly, cardiac-specific, inducible deletion of Ppargc1b on a systemic Ppargc1a-null background in adult mice results in a rather minimal mitochondrial structural phenotype without overt cardiac dysfunction. However, the hearts of these mice exhibit a marked and global reduction in expression of nuclear-encoded mitochondrial genes and reduced State 3 respiration (71, 76) . Compared with the neonatal phenotype, the minimal cardiac phenotype of adult PGC-1α/β deficiency may reflect relatively low rates of mitochondrial turnover and replacement (mitophagy) in the normal adult heart. It is also possible compensatory factors are activated in the adult heart in the context of PGC-1α/β deficiency.
Turnover of damaged or old mitochondria in the cell involves a process termed "mitophagy," linked to a culling process that involves fission and fusion (77) . Mitophagy is controlled and regulated by the PTEN-induced kinase 1/Parkin (PINK1/Parkin) pathway. PINK1 is recruited to mitochondria but normally undergoes rapid proteolytic degradation. However, damage to mitochondria resulting in membrane depolarization stabilizes PINK1, which in turn phosphorylates MFN2 and other proteins that serve as targets for the E3 ubiquitin ligase, Parkin. Parkin-mediated ubiquitination of outer mitochondrial membrane proteins targets the mitochondria for engulfment by the autophagosome. In support of this model, loss of MFN2 prevents Parkin from docking to depolarized mitochondria (78, 79) . Therefore, inhibition of Parkin-MFN2 docking or MFN2 phosphorylation will block mitophagy. Indeed, cardiac expression of a non-phosphorylatable MFN2 mutant (MFN2AA) prevents mitochondrial recruitment of Parkin and results in reduced mitochondrial respiratory capacity and ultrastructural mitochondrial defects in mice (80) . Specifically, MFN2AA mice develop cardiomyopathy and die prematurely by 8 weeks of age (80) . Interestingly, the resultant cardiac mitochondria maintain a fetal phenotype similar to that seen with PGC-1α/β deficiency (80) . In turn, postnatal induction of ERR and PPARα target gene expression is also blocked in these mice. Given that the MFN2AA mouse phenocopies perinatal PGC-1α/β deficiency, these results strongly suggest that mitophagy of fetal mitochondria precedes replacement (biogenesis). Together these results suggest that the transition to adult cardiac metabolism requires the replacement of fetal with adult mitochondria through a coordinated mitophagy and biogenic circuit that involves regulatory cross-talk between the mitophagy machinery and the PGC-1/ nuclear receptor circuit (Figure 1) .
The coordinated action of PPAR, ERR, and PGC-1 provides a circuitry for postnatal energy metabolic maturation of the mammalian heart. The supply of fatty acid-rich milk after birth provides the signal to PPAR for a switch in fuel preference to oxidative metabolism. This is reliant on a mitochondrial network with the capacity to support high rates of oxidative metabolism. Through a number of loss-of-function studies in mice, described in the preceding sections, it is apparent that PGC-1 and ERR signaling orchestrate this mitochondrial biogenic response. In addition, recent evidence strongly suggests that the biogenic response is coordinately regulated with mitophagic removal of fetal mitochondria and replacement with mature adult mitochondria. Furthermore, this system must also have regulatory cross-talk with programs that regulate tion that integrates extracellular signals with downstream effectors, i.e., nuclear receptors ( Figure 2 ). This is likely of particular importance in the control of orphan receptors that may lack a true endogenous activating ligand such as ERRs. The interactions of PGC-1α are not limited to nuclear receptors. For instance, PGC-1α also coactivates the nuclear respiratory factors NRF-1 and NRF-2 (60, 64). NRF-1 and -2 activate expression of multiple respiratory chain subunits in addition to the mitochondrial transcription factor TFAM (65) (66) (67) . This latter circuit provides one mechanism for the coordinate control of nuclear and mitochondrial genomes. Thus, PGC-1 functions as the "conductor" of a coordinated mitochondrial gene regulatory program (Figure 2) . PGC-1 transgenic and gene deletion studies in mice have provided significant insight into the role of these coregulators in the development of the high-capacity mitochondrial system in heart (63, (68) (69) (70) (71) . Such studies demonstrate that PGC-1α is necessary for maximal ATP synthesis and FAO, likely working largely with the ERRs (72) . Deletion of the genes encoding PGC-1α or PGC-1β separately in mice results in a minimal phenotype at baseline (69) but causes modest cardiac dysfunction following pressure overload (73, 74) . However, mice lacking both PGC-1α and -1β die shortly after birth due to cardiomyopathy caused by an arrest in perinatal mitochondrial biogenesis (70) . In addition, conditional disruption of the Ppargc1a/b in the immediate postnatal period after the burst of biogenesis results in a defect in normal mitochondrial maturation that leads to a progressive, lethal cardiomyopathy due to alterations in mitochondrial fusion and fission (71) . Interestingly, expression of several factors critical for mitochondrial fusion and fission, including mitofusin 2 (MFN2) and MFN1, is reduced in the Ppargc1a/b . The deactivation of PPARα signaling in the hypertrophied and failing heart occurs during the early stages and at both transcriptional and posttranscriptional levels (90, 92) . Well-known effectors of cardiac hypertrophy and remodeling, such as angiotensin II and hypoxia, reduce activity of PPARα, leading to a reduction in the rate of mitochondrial FAO (93) (94) (95) . In addition, decreased generation of activating ligands through reduced triglyceride droplet dynamics may also contribute to decreased PPARα signaling in the failing heart (96). The role of altered PPAR signaling and fuel shifts as causative in the pathogenesis of cardiac functional and structural remodeling (versus as a secondary phenomenon) is an area of active investigation.
In support of the former, a recent interesting study from the Tian laboratory demonstrated that mice genetically engineered with persistently high myocardial FAO rates are relatively resistant to pressure overload-induced pathologic remodeling (97) . A very different fuel metabolic shift occurs with cardiac dysfunction in the setting of metabolic syndrome and type 2 diabetes. Multiple studies have demonstrated an increase in myocardial FAO and triglyceride content in humans with diabetes and metabolic syndrome (98) (99) (100) . In some studies, myocardial steatosis has been shown to be an independent predictor of pathologic remodeling and cardiac dysfunction (101) (102) (103) . Interestingly, the increased lipid accumulation is associated with higher myocardial FAO rates in diabetic patients, at least in the early stages of disease (104, 105) . Given the known relationship between myocellular lipenergy utilization, such as sarcomeric, ion channel, and calcium handling gene expression, to match ATP production with demands. Future investigation is needed to more clearly delineate the role of this regulatory network during cardiac myocyte maturation.
Energy metabolic derangements in the failing heart
Altered nuclear receptor signaling contributes to fuel metabolic derangements in the hypertrophied and failing heart. During the development of pathologic cardiac hypertrophy due to pressure overload or myocardial ischemic insult, such as occurs in hypertensive heart disease, the heart undergoes a reactivation of the so-called "fetal gene program." This process involves induction of contractile, structural, and calcium handling genes that are normally highly expressed in the developing fetal heart and skeletal muscle. For instance, the Myh7 gene (β-MHC) is activated while the adult isoform, Myh6 (α-MHC), is repressed (81) . Interestingly, a similar pattern is observed with fuel metabolism in the failing heart. Myocardial FAO rates decline early on in pathologic cardiac hypertrophic growth, concordant with an increase in glucose utilization, a fetal pattern of substrate utilization (Figure 3 and refs. [82] [83] [84] [85] [86] [87] . More recently it has been demonstrated that ketones are also used as an alternative fuel in the failing heart, possibly to compensate for the reduced capacity to burn fatty acids (88, 89) .
Multiple lines of evidence in animal models and in humans support the conclusion that the reduced capacity for fatty acid utilization in the hypertrophied and failing heart involves gene Figure 3 . Disease etiology-specific perturbations in nuclear receptor signaling result in fuel and energy metabolism derangements in the failing heart. Deactivation of nuclear receptor signaling contributes to derangements of fuel substrate utilization and mitochondrial energy metabolism during the progression of hypertensive heart disease (the energy-starved heart). Early in the disease process, PPAR signaling becomes inhibited, resulting in a decreased reliance on fatty acids as the preferred fuel substrate. A different phenotype is observed in the setting of diabetes and obesity (the overfed lipotoxic heart). PPAR signaling becomes chronically activated, resulting in increased rates of FAO and exuberant neutral lipid storage. Later in the disease process, a common pathogenic pathway of diminished ERR and PGC-1 signaling leads to decreased mitochondrial energy production and content, resulting in an energy-starved failing heart. This condition manifests as decreased PCr/ATP ratios and impaired contractile efficiency. T2D, type 2 diabetes. id dynamics and the control of mitochondrial FAO, it was reasonable to hypothesize that PPARα is involved in the pathogenesis of diabetic cardiac dysfunction. In support of this notion, cardiac-specific overexpression of PPARα in mice (MHC-PPARα mice) exhibits many signatures of diabetic cardiomyopathy, including high FAO, myocyte lipid accumulation, and ventricular remodeling (21) . These effects are worsened when the mice are placed on a high-fat diet (106) . In addition, MHC-PPARα mice are sensitized to myocardial ischemic insult (22) such as occurs in the diabetic state. The expression of many genes involved in fatty acid uptake and storage is also increased in these mice (21) . These results support a model wherein increased delivery of fatty acids in the context of myocardial insulin resistance leads to chronic activation of PPARα signaling. This chronic activation results in high rates of flux through the mitochondrial FAO pathway and progressive accumulation of neutral lipid stores, leading to diabetic "lipotoxic cardiomyopathy" (Figure 3) . Consistent with this model, NMR studies have shown a dramatic increase in myocardial triglyceride turnover in mouse models of type 2 diabetes, including the MHC-PPARα model (31) . Interestingly, cardiac-specific overexpression of the related nuclear receptor, PPARδ (MHC-PPARδ mice), which activates many of the same FAO gene targets as PPARα, does not cause neutral lipid accumulation or cardiomyopathy in mice (22) . As predicted by the lack of a lipid accumulation phenotype in MHC-PPARδ mice, many of the PPARα target genes involved in fatty acid uptake and storage are not activated by PPARδ. Additionally, expression of angiopoietin-like 4, an endogenous inhibitor of lipoprotein lipase, is activated by PPARδ (107) . Similar to the cardiac phenotype of PPARα transgenic mice, cardiac overexpression of PPARγ also leads to dilated cardiomyopathy with increased FAO rates and lipid accumulation (108) . Unexpectedly, deletion of PPARα rescued this phenotype (109) . This latter observation suggests that "cross-talk" occurs between PPARα and PPARγ in the hearts of these animals. It should be noted that despite the observation of the close association between myocyte lipid accumulation and cardiac dysfunction, the fundamental cellular basis for lipotoxic cardiomyopathy remains unknown. Indeed it is possible that the lipid accumulation actually serves a protective function.
There is extensive clinical experience with pharmacologic PPARα ligands, through the use of lipid-lowering fibrates. However, the impact of PPARα ligands on cardiovascular outcomes, based on the results of trials in humans, is mixed, possibly reflecting distinct effects on dyslipidemia (vascular disease) and cardiac function (110) . It should be noted that the effect of PPARα agonists on myocardial function and substrate utilization in humans is largely unknown. Interestingly, one small study in healthy volunteers demonstrated no effect on fatty acid utilization or oxidation with fenofibrate (111) . A primary target of fibrates is the liver, and in this study treatment with fenofibrate resulted in reduced secretion of triglyceride. Therefore, fibrates may decrease lipid substrate and activate the delivery of ligands to the heart. If this is the case, then cardiac PPARα signaling might also be decreased in some circumstances.
Pathologic derangements in the PGC-1/ERR circuit: A final common pathway to the failing, "energy-starved heart." Following disease-specific changes in fuel preference during early-stage pathologic cardiac remodeling, significant evidence supports the notion that the later-stage failing heart, regardless of etiology, develops mitochondrial dysfunction and diminished capacity for ATP production. Indeed, a diminished ratio of PCr to ATP has been shown to be an excellent prognostic indicator of survival in human heart failure (112, 113) . Gene expression and proteomic profiling, together with ultrastructural studies, indicate that the expression of genes and proteins involved in mitochondrial energy transduction and respiration is downregulated in the late-stage failing heart (114) (115) (116) (117) . In addition, several recent studies have revealed changes in the metabolome indicative of alterations (bottlenecks) in fuel oxidation and mitochondrial respiration (87, 89, 117) . These observations have led to a description of the failing heart as energy starved, a condition that can result from any of a myriad of potential metabolic derangements that occur during heart failure, ranging from alterations in fuel oxidation to ATP synthesis and storage. The key question remains as to whether these alterations in energy metabolism are contributory or merely a consequence of heart failure. As described herein, increasing evidence supports the former conclusion.
Several lines of evidence support the conclusion that altered activity of ERR and PGC-1 contribute to mitochondrial dysfunction in the failing heart. First, genetic deletion of Esrra in mice results in impaired capacity of mitochondria to produce ATP and also in stress-induced cardiac dysfunction (50) . Secondly, Ppargc1a-knockout mice develop accelerated heart failure following pressure overload (73) . In addition, although cardiac-specific inactivation of both PGC-1α and -1β in the adult heart does not lead to overt dysfunction, it does produce abnormalities in phospholipid biosynthesis that may impair mitochondrial function. Mice lacking both cardiac PGC-1α and -1β contain mitochondria that display a phenotype reminiscent of mitochondria found in patients with Barth syndrome, a rare genetic disorder caused by the inability to produce mature cardiolipin (76) . Indeed, Ppargc1a/b-knockout mice have reduced cardiolipin and impaired mitochondrial respiration. Third, a number of studies in animal models and in humans have shown reduced levels of PGC-1α and ERR transcripts and protein levels in heart failure (117) (118) (119) (120) (121) . Collectively, these data clearly connect diminished mitochondrial respiration capacity with reduced ERR/PGC-1 signaling and suggest that this may be a final common pathway in heart failure ( Figure 3) .
Recent studies also suggest that loss of PGC-1α is associated with peripartum cardiomyopathy (PPCM). PPCM is a common disorder that occurs in the last month of pregnancy or in the period immediately following birth. Although the precise cause is unknown, some evidence implicates hormonal imbalances that primarily affect the vasculature in the heart (122). Interestingly, cardiac-specific Ppargc1a-knockout mice develop PPCM (123) . Loss of PGC-1α results in impaired angiogenesis and reduced VEGFA expression (123) . These alterations, combined with strong antiangiogenic signaling during pregnancy, are believed to be a trigger for PPCM.
Active repression of nuclear receptor signaling may also contribute to impaired mitochondrial energetics en route to heart failure. Chicken OVA upstream promoter (COUP) transcription factor 2 (COUP-TFII, also known as NR2F2) is an orphan nuclear receptor that is expressed at low levels in the heart but that increases in pathologic hypertrophy and heart failure (124, 125). Cardiac-specific overexpression of COUP-TFII in mice results in cardiomyop- athy and premature death (125) . Remarkably, these mice display marked downregulation of expression of mitochondrial energy metabolic genes including FAO and the ETC. These alterations appear to be due to direct inhibition of PPARα, ERRα/γ, and PGC-1α by COUP-TFII (125) . Additionally, other proteins may directly inhibit coactivation of PPARs and ERRs by PGC-1α. The corepressor molecule receptor-interacting protein 140 (RIP140) interacts with nuclear receptors in a ligand-dependent manner (126) . RIP140 is expressed in many tissues with a high metabolic rate, including the heart. Its expression is increased in experimental heart failure and inhibits PGC-1α target gene expression (127) . Cardiac overexpression of RIP140 results in cardiomyopathy and premature death (128) . Furthermore, cardiac RIP140 transgenic mice have markedly suppressed mitochondrial respiration with decreased expression of ERR and PPAR targets (128) . These results imply that there is a delicate balance between activating and repressing transcription factors/coregulators in the heart to regulate energy production. Perturbations in this circuit may contribute to the energy metabolic derangements known to occur in heart failure. These mechanisms should be considered as therapeutic targets aimed at improving mitochondrial energy production and function. A key question for the field relates to whether modulation of PPAR, ERR, or PGC-1 activity can reverse or retard the development of heart failure. Given that the fuel metabolic abnormalities occur early in the disease process and are etiology specific ( Figure  3) , PPAR signaling or attendant downstream pathways would appear to be attractive targets. However, proof of concept is largely lacking for the reversal of the fuel metabolic disturbances in either the energy-starved hypertensive heart or the "overfed" diabetic heart. Moreover, diabetes and hypertension often co-exist in heart failure patients, such that metabolic biomarkers would be needed in order to define the dominant process. Later stages of cardiac remodeling may be amenable to strategies aimed at reactivating ERR and/or PGC-1.
Conclusions and perspectives
Nuclear receptors in the heart play a fundamental role in the control of energy metabolism and homeostasis. PPARs and ERRs serve as critical regulators and sensors for fuel substrate utilization and mitochondrial biogenesis. Upstream physiologic, hormonal, and developmental cues are integrated with the actions of PPARs and ERRs through the PGC-1 transcriptional coactivators. These factors work in concert during the postnatal period as the heart undergoes a massive burst of mitochondrial biogenesis to establish a high capacity for ATP production. Recent evidence links this transcriptional regulatory circuitry to the mitochondrial mitophagy machinery. Significant evidence indicates that nuclear receptor signaling becomes dysregulated during pathologic hypertrophy and in the failing heart. In many ways, deactivation of PPARs, ERRs, and/or PGC-1 in the hypertrophied and failing heart, due to pressure overload, mimics the fetal condition with a shift back toward glycolysis, a more primitive fuel pathway. In contrast, the diabetic heart shifts to high utilization of fatty acid substrates. Proof-of-concept studies are underway to rigorously assess the potential for targeting cardiac nuclear receptors as a metabolic modulatory strategy aimed at the relatively early stages of heart failure. 
